Bacillus subtilis can use either nitrate or nitrite as a sole source of nitrogen. The isolation of the nasABCDEF genes of B. subtilis, which are required for nitrate/nitrite assimilation, is reported. The probable gene products include subunits of nitrate/nitrite reductases and an enzyme involved in the synthesis of siroheme, a cofactor for nitrite reductase.
The gram-positive, spore-forming bacterium Bacillus subtilis can use a number of compounds as sole sources of nitrogen (7), including nitrate, one of the major forms of assimilable nitrogen in the biosphere. Nitrate assimilation involves uptake and reduction of nitrate to nitrite, a reaction catalyzed by nitrate reductase, and further reduction by nitrite reductase to ammonium. Ammonium thus produced in B. subtilis is incorporated into carbon skeletons through the activities of glutamine synthetase and glutamate synthase. In B. subtilis, very little is known about the biochemistry and genetics of nitrate assimilation. Membrane-bound nitrate reductase activity was detected in B. subtilis cells grown in the presence of nitrate with limited aeration (2, 17) . Two mutations conferring defects in nitrate assimilation, narA (12) and narB (29) , were localized on the B. subtilis genetic map to 320Њ and 28Њ, respectively. In this paper, the isolation and analysis of B. subtilis DNA from the narB locus, containing six genes (now called nasA, nasB, nasC, nasD, nasE, and nasF) ( Fig. 1 ) required for nitrate/nitrite assimilation, are reported.
The nas genes were originally identified from an SP␤ phage library containing B. subtilis chromosomal DNA fused to a promoterless lacZ gene (31, 32) , as promoter activity which was induced postexponentially by the lipopeptide surfactin (19) in sporulation medium supplemented with glucose (DSG) (20) . How surfactin stimulates the expression of this lacZ fusion is unknown at present and is currently under investigation. By a procedure previously described (33) , the fusion was transferred from SP␤ to a plasmid replicon, yielding pZS1. A 0.6-kb fragment possessing the promoter activity was inserted into an integration vector, pMMN13 (chloramphenicol resistant [Cm r ]), yielding plasmids pZS3 and pZS4 (bearing the insert in opposite orientations). A B. subtilis strain, JH642, was transformed with pZS4, and the transformant (LAB998) was used for chromosomal mapping of nas genes by PBS1 transduction (B. subtilis strains and genotypes are listed in Table 1 ). Transduction linkage to aroI and srfA (80%) was detected.
To determine the orientation of the observed transcriptional activity, the insert fragments from pZS3 and pZS4 were subcloned in front of the promoterless lacZ gene of pTKlac (11) . The resulting plasmids, pZS5 and pZS6, were integrated into the SP␤ prophage in the B. subtilis chromosome (33) . The resulting specialized transducing phages were used to transfer the fusion-bearing plasmids into cells of strain JH642. Two strains thus constructed, LAB1166 (SP␤::pZS5) and LAB1167 (SP␤::pZS6), showed a Lac ϩ phenotype, suggesting the presence of divergent promoters in the DNA fragment. Both promoter activities were regulated by nitrogen availability, as previously reported (20) .
In order to isolate the genes controlled by the promoters, the regions flanking the 0.6-kb DNA fragment were isolated by chromosome walking. The nucleotide sequence of 11.5 kb of DNA was determined with an automated sequencer and DNA of plasmids pZS7, pMMN148, and pMMN159 (Fig. 1) . Sequence analysis revealed six open reading frames (ORFs), nasA, -B, -C, -D, -E, and -F, each preceded by a potential ribosome binding site (Fig. 1) . ORFs nasB to nasF are transcribed in the same direction from the P1 promoter, and nasA is divergently transcribed from the P2 promoter (20) . nasB appears to encode a protein of 770 amino acids, the C-terminus-encoding codons of which overlap with the Shine-Dalgarno sequence of nasC, encoding a protein of 710 amino acids. nasD, which begins approximately 120 bp downstream of the termination codon of nasC, is an ORF encoding an 805-amino-acid product. A small ORF, nasE, was found 30 bp downstream of nasD and putatively encodes a product of 106 amino acids. The product of nasF, which starts 65 bp downstream of the nasE gene, is a protein of 483 amino acids. nasF is immediately followed by a potential -independent transcription termination sequence. Upstream of nasB to -F and oriented divergently is the transcription unit nasA, encoding a 421-residue product. A putative transcription terminator lies 150 bp downstream of nasA.
The FASTA algorithm of Lipman and Pearson (15) was used in a computer-aided (DNA star Inc., Madison, Wis.) search for proteins with structures similar to those of the nas products. The nasB and nasD products showed homology to Escherichia coli respiratory NADH-nitrite reductase (NirB) (16, 23) and to assimilatory nitrite reductases of Aspergillus nidulans (NiiA) (10) and Klebsiella pneumoniae (NasB) (13) ( Table 2 ). Both NasB and NasD contain flavin adenine dinucleotide (FAD)-binding and NAD(P)H-binding domains including the conserved GXGXXG motif (27) (amino acids 10 to 15 and 152 to 157 in NasB and NasD). The C-X5-C-Xn-S-X-C-X3-C motif, characteristic of a (4Fe/4S)-siroheme-binding domain (18) in nitrite reductases (6) , is found in NasD (amino acids 635 to 679) but is absent in NasB, suggesting that NasD might be a nitrite reductase. This is confirmed by the growth phenotype and the enzyme activities of the mutant strains (see below). E. coli nitrite reductase consists of two polypeptides, NirB and NirD (9, 23) . The C termini of nitrite reductases from A. nidulans and K. pneumoniae are both homologous to the NirD polypeptide (13) . B. subtilis NasD lacks this C-terminal region but has a separate ORF, nasE, whose product has similarity to NirD (Table 2 ). Therefore, it is possible that NasD and NasE function as subunits of nitrite reductase in B. subtilis.
The N terminus of NasF is homologous to the C terminus of E. coli CysG (23, 26) and to the Pseudomonas denitrificans (5) and Bacillus megaterium (24) CobA proteins, which are S-adenosyl-L-methionine:uroporphyrinogen III methyltransferases (Table 2) catalyzing the conversion of uroporphyrinogen III to sirohydrochlorin, a common precursor for cobalmin (vitamin B12) and siroheme, a cofactor for nitrite reductases. These data suggest that NasD, NasE, and NasF are involved in nitrite reduction.
NasC is homologous to the Synechococcus assimilatory nitrate reductase (NarB [22] ) as well as to E. coli formate dehydrogenase H (FdhF) (30) ( Table 2 ). These enzymes contain the molybdopterin guanine dinucleotide-binding domain, and the binding sites for iron heme, FAD, and NADH are also found in assimilatory nitrate reductases from fungi and plants (3) . But NasC, while bearing a molybdopterin guanine dinucleotide-binding domain, lacks apparent FAD-and NADHbinding domains. NasB was shown to contain motifs resembling FAD-and NADH-binding domains of nitrite reductase encoded by nasD as discussed above. Thus, it is likely that NasB is the electron transfer subunit and NasC is the catalytic subunit of the nitrate reductase. Similar organization was found in K. pneumoniae assimilatory nitrate reductase (14) and in the E. coli respiratory enzyme (1) .
The function of the nasA gene product is not known, but data suggest that it may be a nitrate transporter. First, the nasA gene product does not show any similarity to the electron transfer or catalytic components of nitrate/nitrite reductases. Secondly, NasA is unlikely to encode a regulatory protein since nasA mutants did not show altered nasB operon expression (20) . Third, the hydropathy profile of NasA suggests that it is an integral membrane protein (data not shown). Finally, as shown below, the nasA mutant is defective in nitrate assimilation (Table 3) but possesses high nitrate reductase activity (Table 4) . A significant degree of similarity over a short region between NasA and NarK (21), the E. coli nitrate transporter, has been detected.
To elucidate the role of the nas genes in nitrate/nitrite assimilation, cells of mutant and wild-type strains were examined for growth in glucose minimal medium (MMG) (20) supplemented with either nitrate, nitrite, or ammonium (Table 3) . LAB1727, the nasB deletion mutant, was constructed by replacement of an internal region of nasB in pMMN143 with an erythromycin resistance (Erm resultant plasmid (pMMN191) was introduced into JH642, and an Erm r Cm s transformant (LAB1727) generated by doublecrossover recombination was obtained. The nasA deletion mutant (LAB1798) was constructed in a similar way by transformation of pMMN202 (Fig. 1) into JH642. The wild-type strain, JH642, grew in all the media. Cells of the ⌬nasB strain (LAB1727) and the ⌬nasA strain (LAB1798) grew in ammonium and nitrite medium but not in nitrate medium. The growth defect of the nasA mutant in nitrate medium only is explained if nasA is involved in nitrate transport. The phenotype of nasB suggests one of two possibilities: (i) that nasB is required for nitrate assimilation and not for nitrite assimilation or (ii) that nasB as well as nasD encodes nitrite reductase, since both gene products show similarity to nitrite reductase as described above and the nasB deletion does not affect nitrite assimilation because of the redundancy of the gene. If the latter is the case, the nasB deletion may affect nitrate assimilation because of the polar effect on the expression of nasC, which encodes the catalytic subunit of nitrate reductase. This polar effect is unlikely to extend to nasD, since ⌬nasB did not affect nitrite assimilation. In either case, the result that the nasB mutation did not lead to the defect in nitrite assimilation suggests the existence of an internal promoter (P3) before nasD. Evidence that nasB is required for nitrate assimilation was derived from the following experiment. The 0.9-kb fragment of pMMN160 containing the 3Ј end of nasB and the 5Ј end of nasC was inserted into pDH88 (28) , which carries the IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible Pspac promoter. The resulting plasmid, pMMN229 (Fig. 1) , was introduced by transformation and Campbell integration into JH642 cells. The transformant (LAB1889) bears the nasC gene under control of the Pspac promoter. LAB1889 could utilize nitrite but not nitrate in the absence of IPTG, indicating that nasC is required for nitrate assimilation (Table 3 ). In the presence of IPTG, the strain was able to use nitrate as the sole nitrogen source. In contrast, LAB1890 (⌬nasB Pspac-nasC) did not grow in MMG-nitrate in the presence or absence of IPTG. This strongly argues that nasB is involved in nitrate assimilation, since nasC is transcribed by the Pspac promoter in LAB1890. It was thus concluded that nasB and nasC are required for nitrate assimilation.
A nasD deletion mutant (LAB1972) and a nasE deletion mutant (LAB1932) were constructed by transformation of JH642 with pMMN232 and pMMN231 (Fig. 1) . Plasmid derivatives of pDH88, pML18 and pML16, were constructed in order to generate two strains, one having both nasE and nasF genes under Pspac control and the other having only the nasF gene under Pspac control (Fig. 1) . pML18 was used to transform JH642 and LAB1972 (⌬nasD), while pML16 was used to transform JH642 and LAB1932 (⌬nasE); both plasmids recombined at the nas locus by Campbell integration. Table 3 shows that the nasD deletion mutant (LAB1972) could not assimilate nitrate or nitrite. LAB1965 (Pspac-nasEF) assimilates nitrate and nitrite only in the presence of IPTG. LAB1982 (⌬nasD Pspac-nasEF) did not grow in MMG-nitrate or MMG-nitrite in the presence of IPTG. Thus, both nasD and nasE were shown to be required for nitrite assimilation. The requirement for nasF in nitrite assimilation was shown by a similar experiment with the ⌬nasE mutation and the Pspac-nasF construct (LAB1926, -1932, and -1943 in Table 3 ). Growth phenotypes of 
a Growth was monitored after 2 days of incubation at 37ЊC in MMG (20) liquid with or without various nitrogen sources (0.2%) as indicated. Growth was measured as absorbance at 600 nm. Absorbance similar to that of cells cultured without a nitrogen source was scored as minus and to that of cells cultured with ammonium was scored as plus.
b Cells were grown in the presence of 1 mM IPTG.
VOL. 177, 1995 NOTES 1411
on December 29, 2017 by guest http://jb.asm.org/ the mutant strains described above support the conclusion from amino acid homology analysis that nasB and nasC are subunits of nitrate reductase and that nasD, -E, and -F are required for the activity of nitrite reductase. Reduced methyl viologen nitrate/nitrite reductase activities were measured (25) in toluene-permeabilized cells cultured in MMG-glutamate (0.2%) and MMG-glutamate (0.2%)-KNO 3 (0.01%) ( Table 4) ; these conditions promote high-level nasB expression (20) . JH642 (wild type), LAB1798 (⌬nasA), and LAB1972 (⌬nasD) have nitrate reductase activities, but no activities were detected in CU636 (narB1) and LAB1727 (⌬nasB). Nitrate reductase activity is two to three times higher in cells grown in the presence of nitrate and glutamate than in those cultured in MMG-glutamate. There is no explanation at this time why significantly high nitrate reductase activity was detected in the nasA mutant. Even though we do not have reproducible results of nitrite reductase activity at present, this result supports the idea, based on primary structure analysis, that the nasB gene encodes the subunit of nitrate reductase and the nasD gene product is the subunit of nitrite reductase.
These genomic mapping, sequence, and mutational analyses strongly suggest that the nas genes contain the site of narB1, originally identified as the site of a mutation conferring a growth defect when nitrate is present as sole nitrogen source (29) . To confirm this, CU636 (narB1) cells were transformed with plasmids containing nas DNA. The transformants were tested for growth on MMG-nitrate. Plasmid pMMN161, carrying the promoter and nasB to nasD, restored nitrate-assimilating activity to a narB1 mutant when integrated into the nas region. pMMN159, carrying the promoter and nasA, and pMMN156 and -162, carrying the promoter and nasB, were unable to generate Nar ϩ transformants in a narB1 mutant recipient. On the basis of these results, the narB1 mutation appears to be located either in nasC or in nasD. CU636 grows in MMG-nitrite (Table 3 ) and lacks nitrate reductase activity (Table 4) . These data, taken together, seem to indicate that the narB1 mutation is located in the nasC gene, although we can not completely eliminate the possibility that the narB1 mutation is in nasB and is polar on nasC expression.
We have reported here the isolation of genes required for nitrate/nitrite assimilation in B. subtilis. We have previously shown that B. subtilis is able to grow anaerobically in the presence of nitrate and that the nasB mutant which contains respiratory nitrate reductase activity still grows anaerobically (8) . Thus, nitrate reductase encoded by nasB and nasC seems to function solely as an assimilatory enzyme.
Nucleotide sequence accession number. The sequence used in this paper has been assigned GenBank-EMBL-DDBJ accession number D30689. (20) supplemented with 0.2% glutamate as the sole source of nitrogen were transferred to the same medium or to the same medium supplemented with 0.01% KNO 3 . Cells were harvested at mid-log phase and were washed with 0.2 M MOPS (morpholinepropanesulfonic acid) buffer (pH 7.0). Nitrate reductase activity was assayed in permeabilized cells with toluene by the standard method with dithionite-reduced methyl viologen as the reductant (25) . Blanks in which the reaction was stopped at zero time were used to calculate net activities. Nitrite content was measured colorimetrically by addition of diazo-coupling reagents. Protein concentrations were assayed with a BioRad protein assay kit with bovine serum albumin as the standard. Data are averages of two to three assays, and standard deviations are within 20%.
